Summary Effects of ambient and elevated temperature and atmospheric carbon dioxide concentration ([CO 2 ]) on CO 2 assimilation rate and the structural and phenological development of shoots during their first growing season were studied in 45-year-old Norway spruce trees (Picea abies (L.) Karst.) enclosed in whole-tree chambers. Continuous measurements of net assimilation rate (NAR) in individual buds and shoots were made from early bud development to late August in two consecutive years. The largest effect of elevated temperature (T E ) was manifest early in the season as an earlier start and completion of shoot length development, and a 1-3-week earlier shift from negative to positive NAR compared with the ambient temperature (T A ) treatments. The largest effect of elevated [CO 2 ] (C E ) was found later in the season, with a 30% increase in maximum NAR compared with trees in the ambient [CO 2 ] treatments (C A ), and shoots assimilating their own mass in terms of carbon earlier in the C E treatments than in the C A treatments. Once the net carbon assimilation compensation point (NACP) had been reached, T E had little or no effect on the development of NAR performance, whereas C E had little effect before the NACP. No interactive effects of T E and C E on NAR were found. We conclude that in a climate predicted for northern Sweden in 2100, current-year shoots of P. abies will assimilate their own mass in terms of carbon 20-30 days earlier compared with the current climate, and thereby significantly contribute to canopy assimilation during their first year.
Introduction
Large changes in the carbon allocation pattern within the canopies of boreal evergreen conifers occur in spring and early summer. The changes are initiated by phenological events and are characterized by a spring recovery of photosynthetic capacity (e.g., Troeng and Linder 1982, Bergh and followed by an accumulation of starch in the needles and shoot axes formed in the previous years (Ericsson 1978 , Flower-Ellis 1993 , Linder 1995 . The next step in the phenological cycle is bud burst, followed by the elongation and growth of current-year shoots. In various Pinus species, the accumulated starch serves as the main support for the early growth of current-year shoots (Kozlowski and Winget 1964 , Gordon and Larson 1968 , Ericsson 1978 . In Norway spruce (Picea abies (L.) Karst.), the phase of most rapid current-year shoot elongation coincides with the decline in the starch pool in needles on 1-year-old and older shoots (cf. Flower-Ellis 1993 , Linder 1995 . These springtime phenological events are mainly driven by temperature (cf. Kramer et al. 2000) and may therefore be affected by an increase in mean temperatures during spring and early summer, which is one of the predicted features of climate change.
Current-year shoots play an important role in the tree carbon budget (e.g., Fuchs et al. 1977 , Schulze et al. 1977a , 1977b , Linder and Lohammar 1981 . They start out as net carbon consumers, and so a temperature-induced shift in respiration rate might affect both their structural development rate and the net carbon assimilation rate of the whole canopy. Because of their peripheral position in the canopy, they affect the light conditions in other parts of the canopy as they develop, and as fully developed shoots they have the greatest light interception of all needle age classes. Developing Norway spruce shoots play an important role in the ecosystem flux of CO 2 , particularly in young forest stands because they constitute a major proportion of the total needle population in young Norway spruce trees. Wallin (1990) found that current-year needles represent 72% of the total leaf area in 5-year-old Norway spruce trees, a number that decreases as trees age. Schulze et al. (1977a) estimated that current-year needles constituted 16% of the total leaf area in 89-year-old trees.
Among springtime phenological events, bud burst is the most extensively investigated event, which has been studied by a range of different methods, including ground observations, remote sensing and analysis of the atmospheric CO 2 signal (cf. Badek et al. 2004 , Picard et al. 2005 . Several studies have shown that temperature sum (T sum ) is the main factor controlling the rate of development (cf. Ha¨nninen 1995 , Leinonen and Kramer 2002 ), but day length (cf. Heide 1993 , Ha¨nninen et al. 2007 ) and the accumulated duration of the light period (Partanen et al. 1998 (Partanen et al. , 2001 ) have also been suggested as contributing driving forces. The initiation of photosynthetic spring recovery in boreal conifers commences at soil thaw (e.g., Troeng and Linder 1982 , Jarvis and Linder 2000 , Sevanto et al. 2006 , with the rate of recovery depending on air temperature (e.g., Linder and Lohammar 1981, Bergh and . In contrast to bud burst, the shoot elongation period has not been well investigated. Slaney et al. (2007) reported that most of the between-year variations in the duration of shoot elongation could be attributed to T sum after bud burst. The timing and duration of these phenological events and processes will influence the net CO 2 assimilation rate (NAR = photosynthesis À respiration) of current-year shoots and most likely have significant effects on NAR at both the tree and ecosystem levels. Respiration rates of current-year pine needles are up to five times higher for a 7-11-week period after bud burst (Gordon and Larson 1968, Zha et al. 2001) , resulting in a negative daily NAR for 2-4 weeks after bud burst (Gordon and Larson 1968, Troeng and Linder 1982) . The time required for shoots to assimilate their own mass in terms of carbon is about 3 months for Scots pine (Pinus sylvestris L.) growing in central Sweden (Troeng and Linder 1982) .
Mostly needle elongation in Scots pine occurs when the shoot has almost reached its final length (cf. Zha et al. 2001) , whereas the needle primordia of Norway spruce start to elongate in the bud and almost reach their final length at the time of bud burst or soon thereafter (cf. Slaney et al. 2007) . Norway spruce trees can therefore be expected to have a shorter period of negative NAR after bud burst than Scots pine (P. sylvestris), and it is likely that new Norway spruce shoots will reach full photosynthetic capacity earlier than new Scots pine shoots and therefore reach the shoot carbon breakeven point (CBEP) -the time when shoots have assimilated their own mass in terms of carbon -earlier in the season than new Scots pine shoots.
Increases in temperature and atmospheric carbon dioxide concentration ([CO 2 ]) associated with the predicted climate change are expected to have considerable effects on all aspects of the development and performance of new shoots including effects on rates of photosynthesis (e.g., Barton and Jarvis 1999 , Roberntz 2001 , Bergh et al. 2003 , respiration (e.g., Nagy et al. 1999 , Zha et al. 2001 ) and structural development (e.g., Beuker 1994 , Ceulemans and Mousseau 1994 , Barton and Jarvis 1999 , Roberntz 1999 , Bigras and Bertrand 2006 . It has been shown that bud burst of boreal Norway spruce trees could be 2-3 weeks earlier in a climate predicted for year 2100 (3-5°C increase), compared with the present climate ). In the same study, shoot length development was shown to be hastened by increasing temperature. An increase in temperature may also stimulate gross photosynthesis, but results from experiments with elevated temperature are inconclusive (Saxe et al. 2001) . A doubling of atmospheric [CO 2 ] has frequently been observed to enhance the net photosynthetic rate of trees by 44-60% (cf. Saxe et al. 1998 , Medlyn et al. 1999 . Increased temperature and [CO 2 ] will potentially result in a higher supply of carbohydrates for growth of current-year shoots, which will therefore reach their CBEP earlier in the season.
We studied the CO 2 exchange and the carbon balance of buds and developing current-year shoots of field-grown mature Norway spruce trees, to determine how NAR developed during their first growing season and to define when the new shoots had assimilated their own mass in terms of carbon. We also investigated the effects of increased temperature and [CO 2 ] on photosynthetic activity. Specifically, CBEP was expected to be affected by an earlier bud burst, by an increased rate of shoot development and by a CO 2 -induced increase in NAR. We hypothesized that the influence of temperature is most pronounced early in the season as a result of earlier bud development, whereas the CO 2 effect is more pronounced later on, when photosynthetic capacity is higher. Whole-tree chambers (WTCs) (cf. Medhurst et al. 2006) were used to impose the treatments, and continuous measurements of shoot gas exchange were performed with shoot cuvettes (SCs). Other studies based on the same experimental setup have been reported by Comstedt et al. (2006) , Ha¨nni-nen et al. (2007) and Slaney et al. (2007) .
Materials and methods

Experiment and site description
The study, which was performed at the Flakaliden forest experimental site in northern Sweden (64°07 0 N and 19°27 0 E, 310 m a.s.l.), was designed to investigate the effects of elevated temperature and [CO 2 ] on boreal Norway spruce trees (P. abies) enclosed in WTCs (cf. Medhurst et al. 2006) . The treatments were imposed from August 2001 to September 2004. We measured the CO 2 exchange and the carbon balance of buds and developing shoots from April to August in 2003 and The site was planted in 1963 with 4-year-old seedlings of a local provenance at an initial stand density of about 2500 trees ha
À1
. The soil is a thin, podzolic, sandy, post-glacial till with a mean depth of about 120 cm. The thickness of the humus layer varies from 2 to 6 cm. Mean monthly air temperature for the period 1990-2004 varied from À7.3°C in January to 14.6°C in July , and the ground is usually frozen and covered in snow from midOctober to mid-May. Mean annual precipitation is about 600 mm, and soil water content does not usually limit biomass production . For further details about the Flakaliden experimental site see Linder (1995) .
Treatments
In summer 2001, 12 trees were enclosed in individual WTCs and exposed to a combination of two [CO 2 ] treatments (C A , ambient: 365 lmol mol À1 and C E , elevated: 700 lmol mol À1 ), and two temperature treatments (T A , ambient and T E , elevated) in a 2 · 2 factorial design. The T E treatment was designed to simulate the likely air temperature at the site in 2100, as predicted by the Swedish Regional Climate Modelling Programme, SWECLIM (Christensen et al. 2001 , Ra¨isa¨nen and Joelsson 2001 ) based on the latitude of Flakaliden and a [CO 2 ] of 700 lmol mol
À1
. The temperature in the T A -WTCs continuously tracked the outdoor ambient air temperature. In the T E -WTCs, the temperature elevation target was altered on a monthly time step, following the SWECLIM predictions. The monthly temperature increases, above actual T A , ranged between +2.8°C (July and August) and +5.6°C (December).
To quantify the chamber effect, three non-chambered reference trees (R) were included. The 15 selected trees were randomly assigned to five treatments (T A C A , T E C A , T A C E , T E C E and R) with three replicates. The trees were exposed to the treatments all the year around. The WTC system has been described in detail by Medhurst et al. (2006) and the treatment performance during the experimental period of our study by Slaney et al. (2007) .
Gas exchange measurements
Continuous measurements of gas exchange were made on one bud or developing shoot from each of the 12 chamber trees during 2003, and in 2004 the three reference trees were included. The measurements were performed by enclosing a bud in a temperature-controlled SC (cf. Wallin et al. 2001) at least 2 weeks before bud burst. To seal the SC around the shoot axis next to the bud, the needles that were 1 cm from the bud were removed before the SC was installed. The shoots were kept in the SCs until the fully developed current-year shoots were harvested in August of each year. To minimize the between-shoot variations and the risk of shoots outgrowing the SCs, apical buds of second-or third-order shoots, on branches from the fourth to sixth whorl from the top, were chosen on the south-facing side of the trees (±90°).
The temperature in the SC tracked the temperature in the WTCs (T A or T E ) by means of a Peltier heat exchanger Melcor, Trenton, NJ) . Condensation in the SC was prevented by setting the SC temperature +0.2°C above chamber air temperature and by leading the incoming air through a condenser, maintained at 3°C below the ambient air temperature by means of a second Peltier heat exchanger (Model CP-10-127-05, Melcor, Trenton, NJ). The SCs were connected by insulated and heated tubing to an open gas exchange system with 36 parallel channels running in open mode. The CO 2 and H 2 O concentrations of the sampled air were measured with an infrared gas analyzer (CIRAS-1, PP-systems, Hitchin, Herts, UK). The airflow rates of the sample and reference air were set to 0.75 l min À1 and regulated with mass-flow controllers (F-201C, Bronkhorst Hightech, Ruurlo, The Netherlands). The gas exchange of each shoot was measured for 30 s, every 30 min. The infrared gas analyzer was calibrated monthly with an air source with known [CO 2 ] and vapor pressure. The mass flow meters were calibrated every second month with a piston-driven flow calibrator (DryCal DC-1, Bios International, Butler, NJ).
Shoot properties
After termination of the gas exchange measurements in August, the shoots were harvested for the determination of needle area, length, mass, and carbon and nitrogen concentrations; mass and length of the shoot axes; and the total length of the shoot (axis, buds and apical needles). Rate of CO 2 exchange was expressed on the final projected needle area at the time of harvest. Projected needle area was calculated from scanned (Epson 1600 + scanner equipped with a transparency unit for dual scanning) images of the needles, using the WinSEEDLE software (WinSEEDLE Pro 5.1a, Regent Instruments Inc., Canada). The lengths of needles, axes and shoots were measured using the same device. Sample dry masses were determined after drying to constant weight at 70°C. Carbon and nitrogen concentrations were measured with a CHNS-O analyzer (model EA 1108, Fison Instruments, Italy) . The length of the developing shoot inside the SC was recorded weekly until harvest. In 2003, the measurements were made with a calliper, but in 2004, to minimize the disturbance caused by opening the SCs and touching the shoot, the shoot lengths were determined from digital photographs processed using the WinSEEDLE software. The shoot length versus time (day of year (DoY), counted from January 1) and versus T sum was fitted to the Boltzmann sigmoid equation (cf. Slaney et al. 2007) :
where L S is shoot length, A 1 is initial L S value, A 2 is final L S value, x is either DoY or T sum , depending on which was used as the basis for the curve fitting, x 0 is the center of the curve (A 1 + A 2 )/2 and dx is the rate constant. The regression was calculated using Origin 6.1 software (OriginLab Corporation, MA). The time and the T sum needed to attain 50% (L 50% ) and 90% (L 90% ) of final shoot length were calculated from the fitted values, based on DoY and T sum , respectively.
Primary data calculations and gap-filling
The CO 2 exchange measurements were averaged for each hour, and gaps in the dataset of no more than 2 h were filled with the arithmetic mean of the measurements before and after the gap. The measurements were then expressed on a final projected needle area basis as net CO 2 assimilation rate (NAR). Daily means of NAR were calculated for days with > 80% data coverage. Gaps in the daily mean dataset were filled for each tree, using the two other trees in the same treatment as benchmarks as follows: the deviation between the tree with the gap in the data (denoted gap-filled tree) and the other two trees in the treatment (denoted parallel trees) was calculated as the mean deviation between the gap-filled tree and the parallel trees for the mean of 3 days within a week before the gap and the mean of 3 days within a week after the gap. Days with similar meteorological conditions as that of the days needing gap-filling were chosen. The coefficients were re-calculated for each individual gap, and the gap was filled by multiplying the coefficient by the mean NAR of the two parallel trees. The aim of gap-filling was to improve the quality of the treatment mean, which was then calculated from the three trees in each treatment.
The method was thoroughly evaluated before use and proved to improve the treatment mean considerably compared with other gap-filling methods evaluated, as well as compared with leaving the gap intact and calculating a mean from only two trees in the treatment for days with missing data (data not shown). The amount of data that was gapfilled within treatments ranged from 6% to 23%.
Weather measurements and calculations
Simultaneously with the gas exchange measurements, photosynthetic photon flux (PPF) at each SC was measured with a leveled cosine-corrected quantum sensor (PAR-1M, PP systems, Hitchin, Herts, UK). Total and diffuse PPF above the canopy was measured with a sunshine sensor (BF-2, Delta-T Devices Ltd, Cambridge, UK) in a mast close to the WTCs. The air temperature in each SC and the difference in SC and WTC air temperatures (T A or T E ) were measured with a Pt-100 sensor and a differential thermocouple (type K), respectively. The quantum sensor and Pt-100 sensors were calibrated twice per year and data were corrected according to the calibration readings by linear regressions over time.
The weather data, measured in parallel with the gas exchange measurements, were recalculated to hourly mean values, gap-filled, calculated as daily means and re-gap-filled consistent with the calculations described for the NAR data. A T sum was calculated for each year and treatment as degree days ! 5°C starting on DoY 90 (cf. Ha¨nninen et al. 2007 
Net assimilation rate and carbon breakeven point
From a gas-exchange perspective, the development of buds to current-year shoots was divided into three major stages. During Stage 1 the bud is a net consumer of carbon (measured NAR is negative). In Scots pine this period ends 2-4 weeks after bud burst (Gordon and Larson 1968, Troeng and Linder 1982) . Stage 2 is a phase of structural development and increasing photosynthetic capacity, and Stage 3 is a phase of stabilization of the maximum photosynthetic capacity occurring when shoot area expansion is completed and the photosynthetic apparatus is fully developed.
We characterized NAR performance during the measured period by assessing the timing of the transitions between the three stages, the rate of development during Stage 2, the minimum (most negative) NAR performance observed (NAR min ) and the maximum NAR performance observed (NAR max ) (see Figure 2) .
We calculated NAR min as the mean for the 3 days during the early bud development phase when NAR was most negative. The rate of development in Stage 2 and NAR max were determined from days when incoming PPF was not limiting the photosynthetic rate, i.e., days with a mean PPF exceeding 120 lmol m À2 s À1 (NAR 120 ). The threshold chosen was based on plotted response curves. Mean daily NAR was plotted against DoY, the approximate time for completion of NAR performance development was estimated, and another 2 weeks were added to ensure that the NAR measurements were not confounded by biases caused by shoot area development. These data were then plotted against mean daily PPF and the threshold for non-limiting light conditions was established (data not shown The transitions between the three development stages were assessed as the time when the net assimilation compensation point (NACP) was reached, i.e., when NAR 120 shifted from being negative to positive; and the time when NAR reached 90% of the maximum performance (NAR 90% ). We chose NAR 90% because the exact date when maximum performance was reached could not be established from the dataset. To facilitate the establishment of the timing of the fixed points, and to simplify comparisons between treatments, a simple regression model was fitted to the NAR 120 measurements obtained from NAR min and onward. The model was based on the assumption that the increase during Stage 2 could be simplified to a linear regression, and that once Stage 3 was reached the NAR max was constant over the remaining measured period. No constraints were introduced during the fitting, and therefore the modeled maximum performance (NAR mod ) may deviate from NAR max . The regression was fitted to measured NAR 120 with either DoY or T sum as:
where x is either DoY or T sum , depending on which was used as the basis for the curve fitting, a is the slope of NAR development after NAR min , b is a fitting parameter indicating the lowest NAR value of the curve and NAR diff is NAR mod À b. (2) and starting at the time of NAR min , was used to determine maximum NAR (NAR mod ) and when NAR reached 90% of NAR mod (NAR 90% ). The four 1-week periods, chosen as benchmarks when comparing the different treatments, are marked as perf [1] [2] [3] [4] . Shoot length was measured regularly (filled squares) and fitted to Eq. (1). At each measurement occasion, bud class (A-E) was recorded (cf. Slaney et al. 2007 ) and the first date when a new bud class was observed is indicated by arrows, together with the time to reach 50% and 90% of final shoot length, L 50% and L 90% , respectively. Bud class illustration is from Slaney et al. (2007). was assessed as the slope of the linear regression between NACP and NAR mod .
The estimated CBEP of the shoots, defined as the time when shoots had assimilated their own mass in terms of carbon, was determined as the date when the accumulated carbon assimilation, based on daily mean NAR from start of measurements, was equal to the shoot carbon content. We estimated the shoot carbon content based on the assumption that, at the time the shoot reached CBEP, the ratio between needle and shoot axis biomass was the same as that at harvest. The carbon concentration of needles was analyzed (cf. Table 1) , and a carbon concentration of 50% was used for the shoot axes (cf. Iivonen et al. 2006 ).
Statistics
Effects of temperature and [CO 2 ] were tested by two-way analysis of variance (ANOVA) for the data in Tables 1, 2 and 4, and by repeated measures ANOVA for the data in Figure 4 . The statistical analysis of the WTC effect was made by comparing data from the T A C A treatment with the R treatment in 2004, by one-way ANOVA. All statistical tests were performed using SPSS Version 14.0 software (SPSS Inc., Chicago, IL). reached on 83% and 64% of the days after DoY 156, respectively. On average, PPF on the SCs was 41% of the above-canopy PPF and SCs on chamber tree shoots received significantly lower PPF (27%) than SCs on the non-chambered trees (R); however, there were no significant differences in PPF on the SCs between chamber treatments. The temperature in the T E chambers deviated on average by À0.1°C from the set target value, and SC temperatures were on average 0.3°C higher than the temperatures in the WTCs.
Results
Mean daily temperatures during spring (DoY
Shoot growth and needle properties
The final length, dry mass and projected needle area of the shoots in the SCs varied between years, but did not differ statistically between treatments (Table 1 ). In contrast, T · C, interaction of T and C; WTC, whole-tree chamber. The WTC effect was tested by comparing T A C A with R treatment probability values (P values) from n = 3 samples. Values are considered significant at P < 0.05.
Year
Shoot properties Treatment P values Table 3 . Abbreviations: L 50% and L 90% , shoot length at 50% and 90% of maximum, respectively, determined from Eq. (1) based on DoY or T sum depending on the related property; NAR min , minimum daily mean NAR; NACP À DoY and NACP À T sum , the daily mean net CO 2 assimilation compensation point (NACP) determined from the fitting to Eq. (2) based on DoY and T sum , respectively; NAR mod , the maximum NAR obtained from the fitting of NAR to Eq. (2); NAR max , the daily mean NAR 120 in developed shoots starting 2 weeks after the NAR stabilization had been reached and T sum , accumulated daily mean air temperature ! 5°C from DoY 90. Values were considered significant at P < 0.05.
Year Shoot development properties Parameter Treatment P values (Table 1) . Needle C concentration varied between 46% and 48%, with no significant differences between treatments. The dates when shoot length was 50% and 90% of the final length were both significantly affected by the temperature treatments, but not by the [CO 2 ] treatments (Table 2) .
Shoot length and NAR development
We selected one shoot from the T A C A treatment to illustrate the typical development of shoot length and NAR properties (Figure 2 ). In 2003, the shoot was measured between DoY 115 (May 24) and DoY 224 (August 12). This was sufficient time to capture respiration at the beginning of the season, as well as stabilization of the carbon assimilation rate at maximum performance in the late season. The data coverage was good and gap-filling was required only 1.8% of the time (data not shown). The complete dataset and data originating from days with a mean daily PPF > 120 lmol m À2 s À1 (NAR 120 ) are shown in Figure 2 .
The largest differences between NAR and NAR 120 were found during the second half of the growing season. Negative mean daily NARs (net respiration) were observed before the bud had reached the first stage (B 1 ) of bud development. A comparison between development of photosynthetic performance and bud development (Figure 2 ) indicated that the highest respiration rates were found after bud class C, when the bud scales had opened up and green needles were visible (cf. Slaney et al. 2007 ).
Thereafter, NAR successively decreased until NAR min (À0.87 lmol m À2 s
À1
) was reached at DoY 155, which was 2 days after bud burst (Stage E) and the same day that L 50% was attained. The mean temperature at NAR min was 13.6°C and the daily maximum temperature during the 3-day period used for determination of NAR min was 28.0°C. The mean daily net CO 2 assimilation compensation point (NACP) was reached soon after (DoY 158 length (L 90% ) was reached on DoY 165, 19 days before NAR 90% was reached.
NAR performance
During 2003, NAR was measured in the T E treatments from DoY 67, and in the T A treatments from DoY 114; i.e., 40 and 74 days before L 50% , respectively. This was sufficient time to capture the start of NAR activity in all treatments ( Figure 3A and C). However, because of technical difficulties during the early spring of 2004, reliable measurements of NAR could be obtained only from DoY 120 onward in all treatments, which was 23-38 days before L 50% . Consequently, the initial respiration was not captured in 2004, although major respiration peaks were detected in all treatments ( Figure 3B and D) . The measurements in 2003 and 2004 lasted until DoY 224 and 239, respectively, which was sufficient to cover at least 3-4 weeks of stable daily mean NAR (Figure 3) . The respiration peaks (NAR min ) coincided with peaks in temperature, and were normally directly followed by a rapid increase in shoot NAR in all treatments (Figure 3A-D) . Mean NAR min within treatments occurred within 3-16 days before L 50% was obtained. The timing was significantly affected by temperature (T) in both years and also by [CO 2 ] in 2004 (Table 2 ). There was a significant interaction between T and [CO 2 ], as indicated by an earlier NAR min in T E C E compared with T E C A , but there was no difference between trees in T A C E and T A C A . In both years, the phase of rapidly increasing NAR lasted for 40-50 days and was followed by a period of stable NAR. Shoot NAR max , based on NAR 120 data, was significantly higher (34% and 37% in 2003 and 2004, respectively) in the C E treatments than in the C A treatments, whereas T E had no significant effect on NAR max when compared with T A (Table 2) 
Modeling NAR development
The results of the fitting of NAR 120 versus time with Eq. (2) are shown in Figure 5 . The R 2 values ranged from 0.83 to 0.96 (Table 3) . The trees in the T A C E treatment, however, differed markedly from the trees in the other treatments with a higher initial rate of increase in both years (Table 3 ). The same pattern was observed when NAR development was analyzed on a T sum basis ( Figure 6 ; Table 3 ).
The model was used to calculate NACP, NAR 90% and NAR mod (Table 2) . Common for both years was the NACP, which occurred 5-20 days earlier in the T E treatments than in the T A treatments, independently of whether DoY or T sum was used as the basis for the model fitting (Figures 5 and 6 ; Table 2 ). Similar to NAR min ( Figure 3 ; Table 2 ), NACP was reached earlier in the T E C E treatment than in the T E C A treatment in both years. The effect of an earlier start in trees in the T E C E treatment disappeared during shoot development because of differences in the rate of NAR development and the final NAR ( Figure 5 ). The pattern of NAR development differed between study years when using DoY as a basis for estimation ( Figure 5A and C) and was most obvious when comparing the T E C A treatments. The differences were, however, reduced when NAR was estimated from T sum ( Figures 6A and 5C ) or when data from the model were plotted against days after NAR min (Figure 5B and D) . Predicted NAR mod was similar (< 6% difference) to measured NAR max, which was calculated by averaging NAR 120 after NAR development had stabilized (Table 2) , except for the T A C A treatment in 2004 (9.3% difference).
Carbon allocation
In 2003 and 2004, the CBEP occurred 51-62 and 63-81 days after reaching L 50% , respectively. The shortest period between L 50% and CBEP was observed in the C E treatments and the CBEP occurred earliest in the T E C E treatment, being observed on July 10 and 25 in 2003 and 2004, respectively. In the T A C A treatment, the CBEP was reached on July 30 and August 28 in 2003 and 2004, respectively. Because the gap-filling method was not considered robust enough to allow an accumulation based on individual trees, the CBEP for 2004 was calculated from the treatment mean values rather than for individual trees. Hence, a statistical analysis could be made only on the 2003 data. For 2003, the T E compared with the T A treatments and the C E compared with the C A treatments both had close to significant effects on the timing of CBEP (P = 0.052 and 0.056, respectively). There were no significant differences between the treatments when CBEP was calculated as days after L 50% (Table 4) .
Discussion
Between-year variations in phenology
Differences in spring temperatures between the study years were small, and so the timing of shoot development in T A C A and R differed by only a few days (cf. Table 2 Table 2 ; and NAR mod = NAR value obtained after stabilization of NAR development. The fitting parameters are given in Table 3 . For information about the modeling and fitting parameters see Figure 5 and Tables 2  and 3 . Abbreviations and symbols: Roberntz (1999) . Taking the change in dry mass into account, the CBEP of the 2003 needles would on average have been reached a week later. Thus, the remaining between-year difference in dates between the CBEP (once the later shoot development and SNA differences have been taken into account) was more than 2 weeks. Hence, we propose that the large between-year variation in CBEP timing was caused by the combined effect of slightly later shoot development in 2004, an underestimation of final shoot biomass because of the early shoot harvest in 2003 and effects of weather conditions on NAR.
Norway spruce versus Scots pine
Results from corresponding studies on Norway spruce are lacking; however, similar results were observed by Troeng and Linder (1982) in a study of Scots pine. Their study was conducted for 2 years (1977) (1978) , and on average CBEP was reached later in the season in their study compared with our results, occurring on DoY 250 in 1977 and on DoY 242 in 1978. As in our study, the difference between the CBEP dates could be explained by betweenyear differences in June and July weather.
Mean SNA of the Norway spruce that we studied was similar to that reported for Scots pine by Troeng and Linder (1982) . Needle area per total shoot dry mass (needles + axis) of the current-year shoots was also similar in the two studies (Norway spruce 25-34 cm 2 g À1 and Scots pine trees 25-31 cm 2 g À1 ) indicating that the final shoot structure could not explain the difference in date of CBEP. Compared with the studies on pines (Gordon and Larson 1968, Troeng and Linder 1982) , a positive NAR was developed faster and the maximal NAR performance was reached earlier in the season in our study. The maximum NAR performance was about the same in Norway spruce and Scots pine. It is therefore suggested that the main temporal difference in reaching CBEP between Scots pine and Norway spruce is a delayed NAR development in Scots pine caused by a later development of the needles.
Treatment effects
The results support the hypothesis that CBEP is reached earlier at elevated temperature and [CO 2 ]. The CBEP was reached 20 and 32 days earlier in T E C E compared with T A C A in 2003 and 2004, respectively (Table 4 ). The T A C E and T E C A treatments both had intermediate effects. The main reasons for the treatment differences, which independently contributed to the advancement of CBEP, are earlier shoot development in T E and higher NAR in developed current-year shoots in the C E treatments. Although significant [CO 2 ] effects were observed in the timing of NAR min at the early stage of bud development, (Table 2) , this effect may have little influence on the timing of CBEP. As observed by others, elevated [CO 2 ] did not affect the timing of bud burst or the rate of shoot development in Norway spruce (Roberntz 1999 ). The timing of NAR min was, however, significantly affected by [CO 2 ] in 2004; and temperature and [CO 2 ] had a significant interactive effect in both years. This was caused by an earlier NAR min in T E C E compared with T E C A , whereas there was no difference in NAR min between the T A C A and T A C E treatments. However, we observed that, although the NAR min coincided with the early phases of shoot development, NAR at this stage was largely determined by the rate of respiration, so the temporal variation was greatly affected by the actual air temperature, with peak rates of negative NAR occurring on the day with the highest temperature. Because NAR min always coincided with temperature peaks, followed by a rapid increase in NAR, we hypothesize that the actual air temperature acts as a trigger for shoot development once the bud has reached a certain stage. This hypothesis is supported by the temperature-dependent variation in bud development observed by Ž umer (1968, 1969) and Slaney et al. (2007) . In our study, the timing and magnitude of air temperature peaks may have overestimated a small and nonsignificant difference in shoot development (expressed as L 50% and L 90% ) in T E C E compared with T E C A estimating NAR min and NAR development. Thus, despite the significant difference, it is likely that the effect was not, or only partly, caused by the [CO 2 ]. Furthermore, although the C E treatments significantly affected NAR perf1 , the overall assimilation rate during this period had a limited effect on the timing of CBEP. The period of negative NAR (from the start of NAR activity to NACP) was up to 35 days, but the effect of this period on the time when CBEP was reached was only 2-3 days, because activity during this period was low compared with NAR in July and August.
The time required for the shoots to reach L 90% was about 1 week less than that observed by Slaney et al. (2007) . However, they used first-order (leading) shoots, whereas we used second-order shoots. Shoots from > first order are shorter than the leading shoots, and they normally reach their final length much earlier in the season. Because their population within the canopy is much larger (Flower-Ellis 1993), they contribute more to whole-tree carbon balance than the leading shoots.
The stimulation of C E on apparent A sat (51% both years) was of the same magnitude as that found in two metaanalyses of experiments with elevated [CO 2 ] on European forest trees (cf. Curtis and Wang 1998, Medlyn et al. 1999 ). They, as in our study, found that elevated [CO 2 ] resulted in a 15% decrease in leaf N concentration, but that the amount of N per unit leaf area was unaffected. Although many studies have reported a downregulation in the rate of photosynthesis (e.g., Ellsworth et al. 2004) , there is no consistent support for downregulation in mature trees (e.g., Saxe et al. 1998) . One reason may be that many studies are too short for a N limitation to be expressed. Although our experiment was carried out over three and a half years, which is long compared with many other studies, it is a short time in relation to the life span of the trees. Thus, during long-term exposures (i.e., many years), a downregulation of NAR in response to elevated [CO 2 ] could occur as an effect of a progressive N limitation (cf. Luo et al. 2004 ). Other studies have indicated downregulation in older needles but not in current-year needles (e.g., Medlyn et al. 1999) . It is thus likely that a dilution of nitrogen at the canopy level would not have been captured by our measurements.
Temperature had no significant effect on either shoot biomass or NAR perf of the developed shoots (Perf 3 ; Perf 4 ), and T E only affected CBEP through an earlier commencement of shoot development. Nitrogen per unit needle area decreased in T E treatments, independently of the [CO 2 ] treatment, by 8% and 18% in 2003 and 2004, respectively . Although this effect was only significant in 2004, the relatively strong relationship between the treatment mean values of apparent A sat versus N per unit needle area (Figure 7 ) indicated that NAR max and NAR perf were affected by T E mediated by a reduction in N per unit leaf area. However, neither NAR max nor NAR perf was significantly affected (Table 2) by T E compared with T A . Although Saxe et al. (2001) concluded that most studies show a positive effect of leaf-level photosynthesis by moderately elevated temperatures, there are several studies showing no effect or a negative effect. Our study provided no evidence of a net positive effect, but rather that potential negative and positive effects evened out in the NAR perf of the developed shoots.
Modeling of NAR development versus DoY and T sum
The regression model (Eq. (2)) captured 83-96% of the variation in NAR under non-limiting PPF (> 120 lmol m À2 s
À1
, NAR 120 ) versus DoY. In most cases (except for T A C A in 2004), the model gave a good estimate of NAR max , but because it is not mechanistically based it cannot analyze the initial NAR development at the earlier stages of bud and shoot development. To cover the entire NAR period and make it more predictive, it is necessary to analyze respiration and photosynthesis separately in relation to the actual shoot mass and area development. We consider this simple equation a good tool to schematically describe the development of NAR capacity, to identify developmental stages, as well as to compare NAR development in relation to different independent variables (e.g., DoY, T sum ). ) and leaf nitrogen content per unit needle area in trees exposed to ambient [CO 2 ] (s = T A C A , T E C A and R treatments, y = 2.2x + 4.8, R 2 = 0.80); or elevated [CO 2 ] (• = T A C E and T E C E treatments, y = 6x + 1.6, R 2 = 0.99) for 2 years. Each value corresponds to a treatment mean. Abbreviations: T A C A , ambient temperature and ambient [CO 2 ]; T A C E , ambient temperature and elevated [CO 2 ]; T E C A , elevated temperature and ambient [CO 2 ]; T E C E , elevated temperature and elevated [CO 2 ]; and R, non-chambered reference trees. Slaney et al. (2007) concluded that T sum could explain shoot length development much better than DoY. However, T sum could not explain the rapid increase in NAR development after NAR min or when NAR 90% was reached (Figures 5 and 6 ; Table 3 ). The relative variation between treatments in the NAR increase (parameter a in Table 3 ) did not change when T sum was used instead of DoY as the independent variable. The treatment effect of NAR 90% increased rather than decreased when T sum was used instead of DoY, indicating that NAR development is largely controlled by factors other than accumulated T sum . The only obvious improvement was on NAR min which is coupled in time with bud burst, and this is shown by the overlapping curves in Figure 6A and C. It is also clear from the model that NAR 120 in response to T A C E (but not in response to T E C E ) developed faster, indicating stimulation by C E as well as a negative effect of T E , especially in combination with C E .
The authors acknowledge that the use of final needle area as the basis for calculating NAR during the season precludes identifying whether the increase in NAR occurred in response to increased photosynthetic capacity, reduced respiration or increases in projected needle area. We suggest, however, that the mean or accumulated NAR based on the final shoot structure can be used for quantitative comparisons of NAR between treatments during shoot development.
We conclude that current-year Norway spruce shoots will assimilate their own mass in terms of carbon much earlier in the season in the climate predicted for the region in 2100 than in the present climate. The combined effect of elevated [CO 2 ] and temperature will shorten the period to reach the CBEP by 20-30 days, which means that current-year shoots will increase their contribution to canopy assimilation during their first growing season. This may prove important for the overall annual carbon budget of boreal evergreen trees.
